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I. INTRODUCTION
Micro/nano-mechanical (MM) structures made of silicon (Si) are getting increased attention in communications and sensing due to their small form factors, compatibility with microelectronic and photonic technologies, flexibility and maturity of fabrication, and good mechanical characteristics. 1 Besides their widespread applications in elements with moving parts (e.g., switches, 2 accelerometers, and gyroscopes), 3 on-chip MM devices based on small mechanical vibrations 4 (such as front-end filters, oscillators, and sensing elements) are proving to be the technology of choice when high quality factors and more functionalities at moderately high frequencies are of demand.
More recently, phononic crystals (PnCs), 5, 6 which are artificially-made structures with periodic variations in their mechanical properties, have demonstrated valuable capabilities in controlling mechanical vibrations at micro and nano scales. [7] [8] [9] Phononic band gaps (PnBGs), i.e., ranges of frequencies in which mechanical vibration (or phonons) are not allowed to propagate, can be obtained in PnCs. Creating defects in PnCs within PnBGs makes it possible to effectively store or guide mechanical vibrations. Recently, micro/nano-fabricated PnC structures have been developed to support PnBGs for all propagating modes and propagation directions. Especially, PnCs composed of a hexagonal (or honeycomb) array of air cylinders embedded in a single-crystal Si slab have been demonstrated to show very large band gaps at VHF frequencies without imposing fabrication difficulties. 8 The range of operation of such PnC slab structures can be extended to even higher (of the order of GHz) frequencies by scaling down the features, while most of the procedures, methods, and arguments will remain true. These structures have been shown to be very effective in confining elastic energy. In fact, very high quality factor resonators and low-loss waveguides have been realized by creating defects in the PnC structure. 10, 11 It is also shown that using the developed structures, support loss, which is an important source of loss in MM resonators especially at high frequencies, can be suppressed. 12 Complex functionalities, such as multiplexing, demultiplexing, and multi-channel filtering are of great demand at high frequencies in communications and multi-analyte sensing elements. Developing such functions is, therefore, of great interest using PnC structures with high frequency PnBGs due to their unique, unprecedented capabilities. An effective means of implementing such complex signal processing functionalities may be done through the use of coupled resonators and waveguides. Exemplarily, filters with sharp transition regions have been designed and simulated by an array of coupled PnC slab resonators. 13 In this paper, we report the design, fabrication, and characterization of different VHF resonators communicating through a PnC waveguide to demonstrate the possibility of high-frequency multiplexing/demultiplexing using PnC structures in an appropriate platform. Waveguide-based resonators 14, 15 are employed because of their high-Q, compactness, large spurious-free spectral ranges and the possibility of better control over coupling to waveguides with similar structure. The desired extensional signals are selectively excited by a piezoelectric stack fabricated on top of the resonators. 16 This demonstration evidences the possibility of realizing compact high-frequency signal processing devices such as filter banks using PnC platforms through an appropriate resonator/waveguide coupling architecture.
II. THE DESIGN
The designed PnC structure (shown in Figure 1 ) is composed of a hexagonal (honeycomb) array of air cylinders embedded in a free-standing Si slab. The spacing between the centers of the nearest holes (a), as well as the thickness of the slab (d) is 15 μm, and the diameter of the holes (2r) is approximately 12.5 μm (i.e., 2r ≈ 0.83a). Such a PnC structure supports a large complete PnBG in the frequency window of 117 MHz < f < 149 MHz, 7 which is appropriate for wide-band applications. A waveguide is realized by reducing the diameter (2r ) of two rows of holes to 4.9 μm (i.e., 2r ≈ 0.33a) in the PnC structure as shown in Figure 1 . 15 The PnC waveguide shown in Figure 1 can be terminated at the two ends with perfect PnC structure to form a Fabry-Perot type resonator. 15 Such a resonator can be coupled to a bus PnC waveguide from one end (Figure 2(a) ), or from the side (Figure 2(b) ). The resonance frequency of the resonator can be tuned by changing the diameter of the two rows of holes adjacent to the defect as shown in Figure 2(c) .
Two waveguide-based resonators are designed with 11 periods in the direction of the waveguide to resonate at two different frequencies. The resonance frequencies are chosen so that a common extensional mode is used between the waveguide and the resonators, so that coupling between the resonators and waveguides would be readily possible. Such waveguide-based resonators have shown extensional resonances at frequencies inside the PnBGs with high-Qs as the support loss is naturally suppressed in the structure. Exemplarily, Qs of the order o 14000 at frequencies around 130 MHz are obtained that are superior compared to the state of the art architectures with a similar stack of layers. 15 To excite and detect the desired modes, transducers are fabricated by sandwiching a thin (∼1 μm) layer of sputtered piezoelectric aluminum nitride (AlN) between two layers of molybdenum (Mo). Electrical signals are transformed back and forth into mechanical energy through the vertical electric field between the two electrode layers. The top metallic fingers are formed based on the mode of resonance to provide appropriate selective coupling of the intended extensional modes. 16 To evaluate the possibility of communication between the resonators, we designed a threeport device. A top-view schematic of the designed device is shown in Figure 3 . The resonators at Ports 1 and 3 have similar structures to the bus waveguide and are made by reducing the radius of two adjacent rows of holes for 11 periods of the PnC (a=d=15μm, 2r = 12.5 μm, 2r =4.9 μm). The mechanisms of coupling to the bus waveguide, however, are different for the two resonators. The resonator at Port 3 is directly coupled to the waveguide by one row of holes separation in the waveguide direction as is demonstrated in Figure 2(a) . However, the resonator at Port 1 is side-coupled to the waveguide by placing the resonator one PnC period apart from the waveguide as shown in Figure 2(b) . The resonator at Port 2 is also side-coupled to the waveguide and is placed at the same distance as the resonator at Port 1 from the waveguide. However, in the resonator at Port 2 (see Figure 2(c) ), two additional rows of holes adjacent to the defect are also slightly reduced in diameter to shift the frequency of the resonance of the resonator from that of Resonators 1 and 3 (2r =4.9 μm and 2r = 9 μm). 
III. FABRICATION
The structure is fabricated using a post-CMOS compatible fabrication process using a highresistivity silicon on insulator (SOI) wafer with a 15μm device layer, a 2μm buried oxide (BOX) layer and a 400μm handle layer. A 100nm/1μm/100nm stack of Mo/AlN/Mo is sputtered on top of the device layer to serve as the transducer. The top Mo layer and the AlN layers are patterned on the desired locations followed by etching of the PnC holes through the device layer. The device is then released by deep plasma etching of the handle and the BOX layers after backside alignment and lithography. A schematic of the cross section of the stack of layers including the piezoelectric and PnC device layers can be seen in Figure 4 .
The top view scanning electron microscope (SEM) images of the fabricated structure are shown in Figure 5 . 
IV. CHARACTERIZATION
The structure is characterized using a vector network analyzer for the frequencies of interest within the PnBG of the PnC slab structure. Two-port scattering parameters of Ports 3 and 1, and then those of the Ports 3 and 2 are measured. Figure 6 (a) and Figure 6 (b) show self scattering parameters of the three ports, while Figure 6 (c) and Figure 6(d) show the cross-scattering parameters of the two cross-coupled ports. As shown in Figure 6 (a) and Figure 6 (b), a sharp dip in the self scattering parameters is observed at the intended resonance frequency of each of the resonators.
As can be seen in this figure, the frequency of resonance of the Ports 1 and 3 resonators are similarly located at f r1 = f r3 ∼ 133 MHz, while the resonance frequency of the Port 2 resonator is shifted by ∼1 MHz and is located at f r2 ∼ 134 MHz. As expected, since the resonance frequencies of the Ports 1 and 3 resonators match, a peak is observed in the transmission parameter between Ports 1 and 3, while the transmission profile between Ports 3 and 2 is at the noise level. This is despite the fact that the distance between Ports 3 and 2 is less than the distance between Ports 3 and 1. This shows the independence of the operation of the resonators at different frequencies of resonance despite their proximity and a direct evidence for the feasibility of forming compact PnC-based resonance multiplexing/demultiplexing and selective filtering. Thus, the proposed PnC platform can be used to form complex signal processing functionalities on chip.
V. CONCLUSIONS
In this paper, we showed that PnC slab waveguides and waveguide-based resonators can serve as an appropriate platform for performing complex signal processing functions. The results presented in this paper show that PnC slab resonators can be coupled to a waveguide through different coupling schemes, and the resonators tuned at the same frequency can communicate by means of an acoustic signal through an appropriately designed PnC waveguide. The cross coupling between the resonators at different resonance frequencies is, however, negligible. This observation evidences the possibility of realizing complex signal processing functionalities, such as multiplexing/ demultiplexing and multi-channel filtering at high frequencies through the use of coupled PnC resonators and waveguides.
